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DISCOVERY MISSION FOR THE 
DARK AGES AND COSMIC DAWN

๏ MEASUREMENT OF GLOBAL 21-CM EMISSION: CONSTRAINING 
COSMOLOGICAL THEORIES


๏ DIRECTLY PROBING THE FORMATION HISTORY OF THE PRISTINE UNIVERSE

๏ FAR SIDE RADIO INTERFEROMETER: OPENING UP THE LAST VIRTUALLY 

UNEXPLORED FREQUENCY REGIME

๏ SYNERGY WITH HUMAN LUNAR EXPLORATION

๏ INTERNATIONAL LUNAR OBSERVATORY

๏ BUILDING ON- AND EXTENDING ON EUROPEAN HERITAGE
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Moon Missions/Elements Study Candidates
 Cargo Logistic Mission (CDF study completed on Cargo CPE, pre-Phase A with Primes)
 POLESTAR (CDF study completed)

 Polar Explorer Mission (CDF study completed, pre-Phase A with Primes)
 Astrophysical Lunar Observatory (ALO) Mission (CDF study completed)
 Bioscience on the Moon Mission (CDF study completed)
 Geology Mission (CDF study planned 2022)

 European Charging Station for the Moon (CDF study completed, pre-Phase A in preparation)
 European Moon Rover System (EMRS) (Pre-Phase A ongoing)
 Versatile Mobility Platform & Habitation

 ISRU Pilot Plant Mission (CDF study complete in 2018, new CDF study planned in 2022)
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Content

1. Study context: objectives and assumptions

2. Observatory concept definition

3. Rationale for a scalable solution

4. Proposed baseline: An ALO mission precursor

5. Budgets evolution for scaled arrays

6. Study conclusions and recommended way forward

7. Q&A
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Description
• Multi-purpose modular mobility solution for future EL3 mission 

concepts requiring rover element:
• Polar Explorer (science rover)
• ALO (antenna deployment)
• ISRU Pilot Plant (excavator rover)

• Mobility class of few hundreds of kg
• Precursors ground demonstrations using challenge-based 

innovation to attract non-space industry SMEs, start-ups, incl. 
in smaller participating states

European Moon Rover System (EMRS)
Technology Schedule

• Surface mobility considered key for 
planetary exploration

• Built on ExoMars/SFR rover heritage
• Technology maturation themes (e.g.):

• Locomotion
• Power, thermal & night survival
• Communications & Navigation
• Robotics
• Dust resilience, etc.

• Pre-Phase A 
CDF (PE, ALO) completed in 2020/21
Ongoing pre-phase A in 2022

• Potential Phase A/B1
Advanced rover study in parallel to 
EL3 and payload developments in P3
(possibility to be provided / co-
developed by national agencies)

Science

• Science instrumentation based on 
mission concept

• Closure of knowledge gaps around 
surface mobility and exploration in 
lunar environment
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Description

• EL3 based surface power station based on photovoltaics and 
RFCS system, possibly mini-nuclear reactor
 Local power element for robotic and human surface 

activities
 Potential contribution to Artemis surface architecture

(or for other partners)
 Communication (to Earth, Relay Orbiter, Surface 

network)  as additional service

European Charging Station for the Moon
Technology Schedule

• Technology maturation for power 
generation and storage subsystems

• RFCS technology
• Leverage heritage and industrial 

capacity for solar power satellites
• Investigate technologies for use power 

charging
• Wireless power transfer demonstration

• PrePhase A
CDF completed in 2021
Pre-phase A planned In 2022

• Potential Phase A/B1
Study to mature infrastructure concept 
and interfaces starting in 2023

• Potential Phase B2-C/D
Implementation decision at CM25+

Science

• SciSpacE strategy is in development.
• Applied sciences investigations  
• Other opportunistic science
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Description

• Scale and demonstrate lunar oxygen production from regolith, 

building on ISRU demo and ground based work

• Potential contribution to Artemis base camp (or other partners), 

potentially including excavation rover

• Secure roles for European industries in space resources 

market

ISRU Pilot Plant
Technology Schedule

• Technology maturation for ISRU 

processing (e.g. sounding, drilling, 

excavation, characterisation, 

processing), incl. ground prototypes

• Advancement of mobile excavation 

rover

• PrePhase A

CDF completed in 2018 (old concept)

CDF update planned in 2022

• Potential Phase A/B1

Study to mature infrastructure concept 

and interfaces starting in 2023

• Potential Phase B2-C/D

Implementation decision at CM25+

Science

• SciSpacE strategy is in development.

• Science investigations could look at:

• resource characterisation and 

interaction with the environment

• Applied sciences related to 

sustainability 

• Investigation of biosystem 

integration in mining and 

processing
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Phase A/B1 Studies in Period 3

Phase 0-
PrePhase A 
(co-) funded 

by 
Preparation 
Element of 

Basic 
Activities

2020 2021 2022

Period 2

2023 2024 2025

Period 3

2026 2027 2028

Period 4

2029

Period 5

2019

Period 1

Phase 0 
(CDF)

Pre 
Phase A 

Phase 0 
(CDF)

Pre 
Phase A 

Phase 0 
(CDF)

Pre 
Phase A 

Phase A/B1 Ext.B1 B2/C/D 

X

X

Phase A/B1 B2/C/D

Approval
process

Selection
process

Space19+ CM22 CM25

Mission Concepts

Mission Studies Mission Implementations

Mission Studies Mission Implementations

Mission Implementations

B2/C/D

Phase A/B1 Studies 
funded by ExPeRT

Note: A notional process flow  is shown. 

RFIs
RFI as new 

element!
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E3P3 Progr. Prop. v0
Sept 2021

E3P3 PPv2
Legal docs  V1

Feb 2022 E3P3 PPv3
Legal docs V2

May 2022

E3P3 PP v1
Nov 2021

Finalise programme 
proposal and legal docs
Sep 2022

EUB Nov.

HESAC EUB Feb. HESAC EUB April

EUB Sept.

EUB = European Utilisation Board (Delegation level)

CM22ExPeRT 
Phases A/B1 

Prioritisation/Shortlisting 
discussion

Roadmap CM22 – European Exploration Envelope Programme 
(E3P3)

Prioritisation/Shortlisting 
exercise

RFIs Moon & Mars

RFI LEO

Prioritisation/Shortlisting criteria 
definition

CM25
Phases B2/C/D 

today
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OBJECTIVES OF THE ALO TOPICAL TEAM

▸ Define the science objectives


▸ Define the scientific requirements


▸ Coordinate the technology developments



EXPECTED 21 CM GLOBAL SIGNAL FROM 
STANDARD MODELS

�

The expected 21cm global signal from the standard model�
CONTENTS 5

Figure 1. The 21-centimeter cosmic hydrogen signal. (a) Time evolution of
fluctuations in the 21-cm brightness from just before the first stars formed through
to the end of the reionization epoch. This evolution is pieced together from
redshift slices through a simulated cosmic volume [1]. Coloration indicates the
strength of the 21-cm brightness as it evolves through two absorption phases
(purple and blue), separated by a period (black) where the excitation temperature
of the 21-cm hydrogen transition decouples from the temperature of the hydrogen
gas, before it transitions to emission (red) and finally disappears (black) owing to
the ionization of the hydrogen gas. (b) Expected evolution of the sky-averaged
21-cm brightness from the “dark ages” at redshift 200 to the end of reionization,
sometime before redshift 6 (solid curve indicates the signal; dashed curve indicates
Tb = 0). The frequency structure within this redshift range is driven by several
physical processes, including the formation of the first galaxies and the heating
and ionization of the hydrogen gas. There is considerable uncertainty in the exact
form of this signal, arising from the unknown properties of the first galaxies.

by a logarithmic slope or “tilt” nS = 0.95, and the variance of matter fluctuations
today smoothed on a scale of 8h�1 Mpc is �8 = 0.8. The values quoted are indicative
of those found by the latest measurements [2].

The layout of this review is as follows. We first discuss the basic atomic physics
of the 21 cm line in §2. In §3, we turn to the evolution of the sky averaged 21 cm
signal and the feasibility of observing it. In §4 we describe three-dimensional 21 cm
fluctuations, including predictions from analytical and numerical calculations. After
reionization, most of the 21 cm signal originates from cold gas in galaxies (which
is self-shielded from the background of ionizing radiation). In §5 we describe the
prospects for intensity mapping of this signal as well as using the same technique
to map the cumulative emission of other atomic and molecular lines from galaxies
without resolving the galaxies individually. The 21 cm forest that is expected against
radio bright sources is described in §6. Finally, we conclude with an outlook for the
future in §7.

We direct interested readers to a number of other worthy reviews on the subject.
Ref. [3] provides a comprehensive overview of the entire field, and Ref. [4] takes a
more observationally orientated approach focussing on the near term observations of
reionization.

Pritchard & Loeb 2012�

Cosmic expansion 
Gas cooling 
DM annihilation/
decay�

First galaxies 
formation�

The Ly-α 
background�

Start of heating�

Heating process 
(X-ray source properties)�

Hydrogen reionization�

Interplay between Hydrogen and “the rest of the Universe”

Credit:	Yidong	Xu,	NAOC

Dark 
Ages

Cosmic 
Dawn



UNIQUE SCIENCE FROM THE MOON

SCIENCE & SCALABILITY
Number of antennas  - Array 

concept Global Dark Ages signal (DA) Global Cosmic Dawn signal (CD) Dark Ages Power 
Spectra

Dark Ages 
Tomography

Cosmic Dawn

Power spectra

Cosmic Dawn

Tomography

1
For z = 80 (17.5 MHz), bandwidth 10 

MHz, deltaT = 10 mK: t_int = 2000 
hours.

For z = 20 (70 MHz), bandwidth 1 MHz, 
deltaT = 10 mK: t_int = 17 hours. N/A N/A N/A N/A

2
For z = 80 (17.5 MHz), bandwidth 10 

MHz, deltaT = 10 mK: t_int = 1400 
hours.

For z = 20 (70 MHz), bandwidth 1 MHz, 
deltaT = 10 mK: t_int = 12 hours. N/A N/A N/A N/A

3 (all outriggers)
For z = 80 (17.5 MHz), bandwidth 10 

MHz, deltaT = 10 mK: t_int = 1150 
hours.

For z = 20 (70 MHz), bandwidth 1 MHz, 
deltaT = 10 mK: t_int = 10 hours. N/A N/A N/A N/A

4 (all outriggers)
For z = 80 (17.5 MHz), bandwidth 10 

MHz, deltaT = 10 mK: t_int = 1000 
hours.

For z = 20 (70 MHz), bandwidth 1 MHz, 
deltaT = 10 mK: t_int = 8.5 hours. N/A N/A N/A N/A

4 x 4 N/A N/A S/N << 1 TBD S/N > 1 for z = 20, k from 0.003 to 0.1 (see plot 1 
in the 'sensitivity plots' tab) TBD

8 x 8 N/A N/A S/N << 1 TBD S/N > 1 for z = 22, k from 0.003 to 0.1 (see plot 2 
in the 'sensitivity plots' tab) TBD

16 x 16 N/A N/A S/N << 1 TBD S/N > 1 for z = 22, k from 0.003 to 0.2 (see plot 3 
in the 'sensitivity plots' tab) TBD

32 x 32 N/A N/A S/N << 1 TBD S/N > 1 for z = 25, k from 0.003 to 0.1 (see plot 4 
in the 'sensitivity plots' tab) TBD

64 x 64 N/A N/A S/N << 1 TBD S/N > 1 for z = 27, k from 0.003 to 0.1 (see plot 5 
in the 'sensitivity plots' tab) TBD

128 x 128 N/A N/A S/N << 1 TBD S/N > 1 for z = 28, k from 0.003 to 0.1 (see plot 6 
in the 'sensitivity plots' tab) TBD
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TECHNOLOGY ROADMAP
Towards an array on the moon

2022 2035?

Far side mission: ALO array

2029

South Pole mission: 
ALO pre-cursor

Pre-Phase 
A studies

2025

MoonLight Demonstrator 

(ESA): 

Technology demonstrator

Miniaturised electronics

RFI, EMC mitigation 

techniques

Data processing

Printed antennes

Deployment


Interaction with Lunar 
Regolith


Interferometry in space

Distributed data 

processing


ALO TT & 
CDF


PreDEX Pre-
Phase A


Nov

2022

ESA 
Ministerial

July

2022

ALO 
Roadmaps

June 10

2022

ALO 
Roadmaps


Draft
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Some scaled budgets for illustration

Array Size
Antennas Mass* 

[t]
Hubs Mass** 

[t]
Harness Mass 

[t]
Station Mass 

[t]
Total Mass*** 

[t]
Data rate **** 

[kbps]

4x4=16 0.03 0.05 0.01 0.50 0.98 0.6

8x8=64 0.12 0.20 0.03 0.69 1.43 5

16x16=256 0.5 0.8 0.1 1.4 3.2 40

32x32=1024 1.9 3.2 0.5 4.5 10.5 300

64x64=4096 7.6 12.9 2.2 16.6 39.7 2,400

128x128=16384 30.3 51.6 10.2 65.4 157.8 19,500

Number of Hubs = Number of Antennas / 16

* Single antenna dipole mass: ~2kg

** Single hub mass w/o antennas or harness: ~50kg

*** Includes rover ~400kg

**** Only for imaging experiment array (global detection experiment is 1,000 kbps/antenna) 
         NOTE: Expected downlink capability < 25-50 Mbps

ONLY TO ILLUSTRATE ORDERS OF MAGNITUDE

Baseline is 4*4 - exploring technology developments

to go to 32*32 or 128*128
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TECHNOLOGY DEVELOPMENTS

▸ Within the ALO scope there are certain developments we can push for, and others that we should 
follow.


▸ Technology developments on wireless/optical communication, solar panel technologies & other 
power solutions (also for night survival), robotics are also happening outside the scope of ALO, 
these should be identified and followed.


▸ In ALO we should push for optimisation of mass  - power - data via the developments on the:


▸ Antenna;


▸ LNA (analogue electronics);


▸ Receiver (digital electronics);


▸ Data processing architecture (distributed data processing).


▸ Focus on inflatables and integration off the antenna systems and electronics, and possibly power 
generation.

What can be done in the scope of the ALO TT?
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TECHNOLOGY DEVELOPMENTS
Optimisation of Mass - Power - Data: printed antennas & Inflatable structures

ASTRON Design

Centre for 
Astronomical 
Instrumentation

TUe - CAI Design: inflatable antenna 
test at a balloon this year
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Abstract - Very large phased array antennas provide a wide 
range of capabilities for NASA’s Earth science remote sensing 
applications. Future Earth science missions will require very 
large arrays placed in high orbits such as Midium or 
Geosynchronous Earth Orbits (MEO or GEO). For these very 
large arrays the radar mass, volume and cost will be 
prohibitive if we rely on current rigid manifold phased arrays. 
Membrane-based antennas provide a means to reduce the 
mass, launch vehicle stowage volume and overall cost 
associated with rigid radar systems. However, before we can 
realize membrane phased arrays in space we have to overcome 
many challenges. One of these challenges is developing an 
active membrane phased array. This paper discusses the 
challenges of integrating Transmit/Receive (T/R) modules with 
a membrane array (T/R membrane) to achieve an active 
phased array. 

Conventional phased-array antenna design and 
manufacturing processes will not meet the performance and 
cost goals of these future space-based SAR missions. 
Current systems are designed using modular architectures 
where electronic components are individually packaged and 
integrated onto rigid manifolds or panels. One method to 
dramatically reduce the weight, volume and associated cost 
of space-based SAR is to replace the conventional rigid 
manifold antenna architecture with a flexible thin-film 
membrane. This has been demonstrated as a passive array 
with corporate-fed RF signals (Fig. 1) [3]. 
 
 
 

 

Partially Deployed Antenna

Roll-up Antenna (stowed) 

I.  INTRODUCTION 
 
Lightweight, large-aperture, electronically-steerable space-
based radar antennas are required to address the Earth 
Science Enterprise future science measurement needs. A 
large-aperture, scanned phased array will enable 
measurements that are otherwise impossible.  Large 
apertures will enable repeat-pass interferometric Synthetic 
Aperture Radar (SAR) missions to be flown at higher 
altitudes, i.e. Medium or Geosynchronous Earth orbits 
(MEO or GEO), thereby offering greatly improved Earth 
coverage for shorter interferometric repeat times.  
Electronic scanning will allow the operational flexibility 
required to maximize the science benefits of data 
acquisitions, further reducing the effective revisit times of 
important target areas.  In the near term, such missions will 
offer fine temporal sampling of 3-D Earth surface 
displacements at subcentimeter accuracies. Such data will 
improve our understanding of geophysical processes 
including seismic activity, volcanism, and glacial flow, and 
will consequently aid in our ability to forecast earthquakes 
and other associated hazards.  In the far term, the nearly 
instantaneous accessibility offered by high-altitude SAR 
systems will dramatically enhance our ability to respond to 
natural disasters when and where they do occur [1, 2].  
Large apertures will also be important in DoD applications 
for similar reasons.   

Fully Deployed Antenna
 
Fig. 1. JPL’s passive membrane phased array. The antenna is rolled up 
during launch (top). It deploys and becomes flat once in space (bottom).  
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JPL Design



ASTRONOMICAL LUNAR OBSERVATORY

FUTURE CONCEPT?
Provisional concept

▸ 5 meter long crossed dipoles printed on 
Kapton


▸ To allow more science: 32 * 32=1024 
(minimal) or 128*128=16384 (ideal) 
antennas  


▸ Inflatable kapton “air-mattress”

▸ No rover, scalable, deployment and regular 

distribution combined in one solution 

▸ One antenna concept for all science

▸ Further integration: 

▸ Analogue & Digital Electronics?

▸ Solar panels printed on Kapton?

LANDER

100 meter

16 ANTENNES: ~80 METERS 16 ANTENNES: ~80 METERS
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INTERNATIONAL LUNAR OBSERVATORY
INTERNATIONAL COLLABORATION ON SCIENCE EXPLORATION ON THE MOON

▸ OBJECTIVE:


▸ LONG-TERM: WORK TOWARDS ONE COMMON DESIGN, BUILD THE 
ARRAY FROM MULTIPLE LAUNCHES BY INDIVIDUAL PARTNERS


▸ SHORT-TERM: IDENTIFY AND COLLABORATE ON TECHNOLOGY 
DEVELOPMENTS


▸ LIKE ALMA AND SKA


